Um estudo de DFT em derivados 5-NI foi realizado em diferentes níveis de teoria, a fim procurar a melhor metodologia para calcular constantes de acoplamento hiperfinas (hfccs), distribuições da densidade da rotação e propriedades eletrônicas, sabendo-se que é difícil obter boa concordância entre os valores de hfccs calculados e experimentais para compostos radicais centrados no nitrogênio. Os híbridos funcionais diferentes B1LYP, B3LYP e PBE0 foram usados conjuntamente com vários meios para aumentar o tamanho da base estudada. O modelo de C-PCM foi considerado para interações do soluto-solvente. As comparações de nossos cálculos com os dados experimentais precedentes obtidos por meio de medidas de EPR e raios-X confirmaram que esta aproximação computacional representa importante avanço. Nossos resultados indicaram que os efeitos solventes e a consideração de funções difusas são os fatores mais importantes no cálculo de constantes hiperfinas de acoplamento para este sistema nitro-heterocíclico. Foi verificado também que algumas propriedades eletrônicas calculadas como orbital de LUMO, funções condensadas de Fukui para ataques nucleofílico e afinidade de elétron não são correlacionadas como esperado com a atividade biológica.
Introduction
It is known that the electron paramagnetic resonance spectroscopy is widely accepted as a powerful experimental technique to directly detect and characterize free radicals whose persistency allows the acquisition of their EPR spectra. Besides, it provides a direct measure of the distribution of the unpaired spin density. 1 Unfortunately, the appropriate interpretation of some signals is not straightforward due to the presence of a large number of lines. In such cases additional theoretical methods are welcome to streamline the hyperfine coupling constants (hfccs) assignment, obtained from the full spectral analysis. For instance, in the case of 5-nitroindazole (5-NI), 2 JNI 4 (see Figure 1 and 2), we found that the nitro anion radical spectrum displays eighteen signals, distributed into six triplets. This spectrum can be interpreted in terms of one doublet accounting for one hydrogen atom (H-4) and two triplets that could be assigned to two nitrogen atoms: one belonging to the nitro group and other to the indazole ring. However, the same pattern can be interpreted in terms of one triplet assigned to the nitro group, one doublet assigned to hydrogen atom (H-4) and one triplet accounting for two hydrogen atoms (H-6 and H-7). Experimentally, EPR spectra for many studied nitroheterocycles like ours, have been interpreted on the basis of hfccs typical for nitroaromatic radicals, in which the nitrogen atom of nitro group is characterized by a triplet with the larger hfcc (about 12 G). 3 In this sense, calculations of hfccs might offer a valuable support to the experimental work, providing a computational framework that in turn could give reliable structures and magnetic properties provided a correct hfccs assignation. Density functional theory methods (DFT) are recognized for achieving reasonable predictions of EPR properties with excellent levels of confidence: for this purpose different model chemistries have recently been studied and developed. 4, 5 On this base, we decided to perform a systematic study of the EPR features for several nitroindazole radicals with biological and potential trypanocidal activity. Three density functional hybrids were tested such as B3LYP functional which has been validated in a number of studies of organic radicals. [6] [7] [8] B1LYP functional entirely calculated from DFT, which considers the contribution to the electronic correlation. 9, 10 and PBE1PBE functional, which uses in their description a 25% of exchange and 75% of electronic correlation. 11 It is now well established that computational models based on density functional theory (DFT) are particularly suitable for the analysis of the structure and magnetic properties of open-shell species. 12 On the other hand, due to the importance of the electronic parameters of the 5-nitroheterocycles on the antichagasic activity and the mechanisms of reaction involving free radicals, [13] [14] [15] [16] we investigated the two electronic states (neutral and radical) of selected nitroindazoles to shed light into the mechanism of protection. In order to perform a preliminary quantitative structure-activity relationship study with these nitroindazole derivatives, we determined different electronic and thermodynamic properties.
Methods

Computational details
A conformational search for each of 5-NI derivatives was performed, using molecular mechanics methods (MMFF) as implemented in Spartan' 04, to find the minimum energy structures with the highest abundance conformer population in the gas phase. 17, 18 Furthermore, geometry . EPR simulated hyperfine patterns: A) nitro anion radical spectrum simulated in terms of one doublet accounting for one hydrogen atom (H-4) and two triplets assigned to two nitrogen atoms; B) nitro anion radical spectrum simulated in terms of one triplet assigned to the nitro group, one doublet assigned to one hydrogen atom and one triplet accounting for two hydrogen atoms.
optimization for each selected conformer was performed by means of density functional theory (DFT) as implemented in the GAUSSIAN' 03 package. 19 All the optimizations for the neutral and radical species were performed using Becke's three parameter exact exchange functional (B3) 20 combined with gradient corrected correlation functional of Lee-Yang-Parr (LYP) 21 of DFT method (U)B3LYP/6-31g(d,p), in vacuum and with conductorlike polarizable continuum model (C-PCM) solvent methodology, 22 using DMSO as a solvent.
Computations were performed using different basis sets of contracted Gaussian functions, namely 6-31G**, 6-31+G, 6-311G**, EPR-III, IGLO-II and IGLO-III. Additionally, we add six components for d functions in each basis set, because recent reports indicate that these additions improve the prediction of nitrogen hfccs. 8, 23 All calculations carried out under the unrestricted formalism, gave <S 2 > values lower than 0.7615, implicating a spin contamination less than of 2.0%.
The calculations for the electronic descriptors were performed employing the better model chemistry obtained in the computing of hfccs. In this sense, we calculate the energy of the lowest unoccupied molecular orbital (LUMO), the condensed Fukui nucleophilic attack functions and the electron affinity (EA). Besides, we included properties related with hydrophobicity of the compounds such as dipole moments and the partition coefficient in octanol/ water.
Results and Discussion
Structural and hyperfine coupling constants calculations
It is known that hfccs calculation is affected by several geometrical factors such as bond lengths, bond and dihedral angles. 24 Hermosilla et al. 8 in a recent report have studied the hfccs for a data set of 109 nitrogen radicals and they concluded that the combination of the B3LYP functional with the 6-31G* basis set including 6D functions was very accurate for predicting nitrogen hfccs of moderate and large size radicals. 7 It is important to point out that within this data set only anions of nitroalkanes were considered to represent the nitro compounds, which shown very good agreement between experimental and theoretical hfccs when the 6-31G* basis set is used. Additionally, it is important to consider that the frequently experimental values of hfccs for nitroheterocyclic compounds are reported using polar solvents. The best conformer obtained was evaluated using different basis sets including solvent effects. B3LYP/6-31(d,p) was the methodology that showed the best agreement with the X-ray experimental data available (for JNI 1). Table 1 summarizes the calculated and experimental geometrical data. Noticeable differences were found on the dihedral angle of the poly(oxo)methylenic dialkylamine chain (see Figure 1) . Consequently, the radical species were optimized applying a similar optimization methodology (UB3LYP/6-31G(d,p) and using the same conformers as the case of neutral species. The geometrical data calculated for both neutral and anion radical species, showed a slight increase in the N-O bond length and in the N-5'-6' angle, altogether with a slight decrease in the N-5' bond length as in the O-N-O angle (see Table 1 ). Despite of this fact, the methodology used yield values of hfccs far from the experimental ones (see Table 2 ). This might be due to an excessive underestimation on the spin density of the nitrogen on the nitro group and/ or an overestimation on the spin density of the aromatic hydrogen H-4 leading to an erroneous interpretation of the EPR as shown in Figure 2A . However, the EPR spectra of nitroaromatic radicals are characterized by a triplet of larger hfcc assigned to nitrogen atom of the nitro group. 3 In addition, our results indicated that for the nitrogen of the nitro group of nitroindazole radicals, large discrepancies between experimental and theoretical values using larger basis set in vacuum (IGLO III, EPRII, 6-311**) are also obtained. Similar discrepancies were previously analyzed for alkylnitroxyl radicals. 8 ,23 Table 1 . Selection of calculated and experimental geometrical data: bond length (Å), angle (º) and y dihedral (º) by JNI 1 derivative
B3LYP/6-31G Also, it has been reported that hfccs are quite sensitive to the polarization due to the solvent. 25 Direct solvent effects on the calculated hfccs values using UB3LYP methodology and different basis sets are reported in Table 1 . In this context, "direct effect" indicates the effect of the induced polarization by the solvent on the solute's wavefunction, while keeping the geometry optimized in vacuum. The analysis shows that the dipolar moment changes strongly from the gas phase to DMSO, indicating that radical structures are being strongly polarized by the presence of a dielectric environment (see Table 2 ). These strong polarizations on the electronic structure directly affect the spin distribution density of the nitro anion radicals. It may be considered that choosing an appropriate basis set is a crucial fact for the proper description of the solute-solvent interactions. [26] [27] [28] [29] [30] [31] Unfortunately, it was not possible to use the EPR-III basis sets on the calculation of hfccs for JNI 1, due to a lack of parameterers for the sulphur atoms. Consequently, JNI 3 was employed in order to evaluate the behavior of this basis set. Table 2 shows that incorporating solute-solvent interactions into the calculation of hfcss, yield better results. However, using larger basis set did not improve hfccs values, which still are far from the experimental values for the nitrogen atom of the nitro group.
Interestingly, the calculated hfccs values that showed a good agreement with the experimental data were the ones obtained using a small basis set without polarization functions, such as 6-31+G (see Figure 2B) . Moreover, the insertion of polarization functions (such as d or d and p) did not improve hfccs values either. It is probable that the insertion of these kinds of functions generates a greater delocalization in the aromatic system; with an underestimation of the hfccs values for the nitrogen atom of the group nitro (see Table 2 ). In addition, the use of diffuse functions was an important factor for the appropriate description of the electronic properties of these types of anion radicals.
Using different basis set and different functional forms, the obtained deviations from the experimental values of the calculated hfccs showed clearly that none of the selected methodologies was able to reproduce the hfccs for H-4 and N atom of the nitro group at same time. However, the best results were always obtained with basis sets including diffusion functions, improving to a great extent the description of hfccs for the nitrogen of the nitro group. These results are in agreement with previous reports indicating that the use of diffuse functions is an important factor in the description of bipolar molecules and anions that have a negative charge on heavy atoms. [26] [27] [28] [29] [30] [31] On the other hand, the effect of geometry reoptimization considering solvent effects, defined here as "indirect solvent effects", displays an increase in the N-O bond length (of 0.016 Å) and a decrease in the O-N-O angle (of 1.6º). In addition, it is observed a slight increment on the hfccs ca. 0.6-0.8 G, which is largest for the nitrogen of the nitro group ca. 0.8 G. Although this variation improves the agreement with the experimental data, it is sufficiently small to be neglected in the analysis of general trends (see Table 2 ).
In summary, a polarizable environment has a strong influence on the spin density distribution of these anion radicals (5-NI). In addition, the basis set effect is a factor that should be considered in the calculation of these anion radicals, where the use of diffuse functions being the most important determinants.
All functionals employed here were able to describe properly the spin density, where the functional B3LYP showed the best results. Interestingly, the type of functional used was not so determinant into the hfccs computed values. Nevertheless, the type of basis set employed and the incorporation of solute-solvent interactions affects the calculation of hfccs significantly.
In order to to evaluate this methodology on other 5-NI derivatives, the study was extended to 3-alcoxi and 5-nitroindazolones compounds (Figure 1) . The results collected in Table 3 , confirm the conclusions drawn for the model for JNI 1, leading to the proposal of that the abovementioned computational strategy could be extended to the whole series of 5-NI with greater confidence.
Calculation of electronic properties
Due to the importance of the electronic parameters of the 5-nitroheterocycles on the antichagasic activity and the accurate description of the geometrical data for the neutral forms and that of spin density distribution for radical forms showed by the selected conformers, we used both forms to explore the possible relationships between the antichagasic activity and the molecular electronic features. The EA is an important descriptor for reactivity that determines the local reactivity of a molecule when it encounters an electron. Besides, we also calculated properties related with the hydrophobicity of the compounds such as dipole moment and the partition coefficient.
It is known that nitroheterocycle compounds require a metabolic activation through the reduction of the nitro substituent; experimental evidence postulates this reduction as a key step. 13 When a nitro compound is reduced, the electron enters in the LUMO orbital; therefore, the associated energy will indicate the likelihood of the reduction process for these compounds. For the 5-NI derivatives the LUMO values ranged between 0.118 hartree (for the more active compound, JNI 20) and 0.113 hartree (for the lower active compound JNI 3, against T. cruzi). The difference among these values indicates that if the more active compound is reduced all the other compounds of this family are going to be reduced also (see Figure 4 ). This is in agreement with the experimental reduction potentials which have a slight variation range of 0.1 V. 2 Nonetheless, EA displays a simple correlation (Pearson coefficient, R 2 = 0.91, n = 7) with the Trypanosomal activity, indicating that compounds with lower EA displays higher activity. EA is a global property that indicates whether an anion is stable or unstable regards to an electron loss. In other words, the more active compounds (JNI 20 and 21) are able to produce more reactive radical anions. Calculated condensed Fukui functions for nucleophilic attacks (f + ), showed that the oxygen of the nitro group have the higher values, thus being the most reactive moiety of the molecules. This behavior is observed for all the systems under study, indicating the feasibility of the reduction process.
Hydrophobicity can be related to the activity of nitroheterocycles. The associated parameters are the dipole moment and the partition coefficient. Inactive compounds (JNI 1-3) showed higher dipole moments but it was not possible to establish a valid simple correlation between these parameter and the antibacterial activity (Pearson coefficient, R 2 = 0.63, n = 7). 3-alkoxy-5-NI derivatives, JNI 4-6 and JNI 21, cover all the range of biological activities for T. cruzi, and they have very similar dipole moment values, ranging from 10.641 (D) to 10.746 (D).
The partition coefficient (P) was calculated as logP using Villar method, implemented in Spartan '04 package. 17, 18 For our 5-NI derivatives we have found that compounds with logP values lower than 2.5 have shown to Our results suggest that due to the high similarities of the LUMO values, we can not rely on these to explain completely the observed differences in the biological activities shown for this 5-NI derivatives family. However, our calculated EA values seem to point out that the stability of anions radical might be a relevant factor concerning their biological activity. On the other hand, the parameters related with the hydrophobicity (dipole moments and logP) indicate that hydrophobic interactions could be also an important factor to consider in the activity of this kind of compounds.
Conclusions
We found that DFT can accurately reproduce isotropic experimental hfccs for EPR 5-nitroindazole employing small basis set. The B3LYP functional in combination with 6-31+G basis set and the incorporation of solutesolvent interactions (C-PCM model) is appropiated when predicting nitrogen hfccs for 5-nitroindazole radicals. The error compensation between this incomplete basis set and this functional can also contribute to a better agreement with experimental data. In addition, the calculation of hfccs for anion radicals of 5-nitroindazole is sensitive to the basis set used and it is an important factor to be considered. The insertion of polarization functions did not improve the calculation of hfccs values; however the use of diffuse functions must be taking into account. The descriptors derived from physicochemical properties such as logP and dipole moments, mainly related to the hydrophobicity, indicated that the presence of hydrophobic groups constitute an important structural component in the antichagasic activity of these 5-NI derivatives. 
